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DETAILED MISSION PLANNING CONSIDERATIONS 

AND CONSTRAINTS 

By M. P. Frank, I11 

PREFACE 

This r epor t  was o r ig ina l ly  presented a s  a speech a t  the  Apollo 
Lunar Landing Mission Symposium a t  t he  Manned Spacecraft Center i n  
June 1966. 
symposium, and, hence, t h i s  repor t  i s  i n  two par t s .  

The speech was presented i n  pa r t s  a t  two sess ions  of t he  

. 
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FIRST SESSION: LAUNCH THROUGH 

EARTH ORBIT INSERTION 

INTRODUCTION 

The purpose of t h i s  paper i s  t o  present t he  various cons t ra in ts  
t h a t  a f f e c t  t h e  l b a r  mission planning, pr imari ly  i n  the  form of 
t r a j e c t o r y  shaping and the  l imi ta t ion  t o  launch opportuni t ies .  

Trajectory geometry constraints  and spacecraf t  performance capa- 
b i l i t y  combine t o  limit the accessible  area on the  moon. Accessible 
a rea  l imi t a t ions  combine with operat ional  cons t ra in ts  t o  limit launch 
opportuni t ies  t o  ce r t a in  spec i f i ca l ly  defined periods.  To understand 
the  mission planning considerations and t o  appreciate  t he  e f f e c t s  of 
t h e  var ious cons t ra in ts ,  one must c lose ly  examine the  t r a j e c t o r y  
cha rac t e r i s t i c s .  
t he  i n t e r r e l a t i o n  of cons t ra in ts  and t r a j e c t o r y  shaping. 
t h e  explanation becomes qui te  de ta i led  f o r  some phases of t he  mission, 
but t h i s  i s  considered necessary in order  t o  obtain an understanding 
of t he  i n t e r r e l a t i o n .  

I n  t h i s  paper an attempt i s  being made t o  explain 
Unfortunately, 

We will begin with the launch and work through the  mission, phase 
by phase. 
s idera t ion .  
s ign i f i can t  considerations - those t h a t  have a major effect on mission 
planning and the  determination of launch windows. 

This paper will not  describe every t r a j e c t o r y  shaping con- 
It will only h i t  t he  h ighl ights  and discuss  the  more 

LAUNCH PHASE 

The mission planning considerations of t h e  launch phase of t h e  
lunar mission a r e  pr imari ly  re la ted  t o  launch windows, booster per- 
formance, and contingency planning. Launch windows a r e  defined f o r  
two d i f f e ren t  time in t e rva l s .  
hours during a given 24-hour period. A monthly window cons i s t s  of a 
few days during a given month o r  lunar  cycle. 
continuous from opening to  closing, but  a monthly window may have gaps. 
For example, a monthly launch window may cover a 7-day period, but a 
d a i l y  window may not  exist f o r  some of the  intermediate days. A 

A daily window has a duration of a few 

The d a i l y  window i s  
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I 1. Range safety.- In  the  e a r l y  days 8f lunar  Eission planning, 
and 108 ; however, there  the  range safe ty  l i m i t s  were defined a s  72 

i s  some indicat ion now t h a t  these  could be increased i f  necessary. 
primary concern o f  these range s a f e t y  l i m i t s  i s  to  keep the  space ve- 
h i c l e  on the  range following any abor t s  during ltiunch. 

The 

2. Booster performance.- A 90' launch azimuth takes  m a x i m u m  
advantage of t h e  e a r t h ' s  ro t a t ion  i8 achieving o r b i t a l  ve loc i ty .  
t he  azimuth is sh i f t ed  away from 90 , the  booster performance 

A s  

descr ip t ion  o f  t h e  f ac to r s  t h a t  def ine the  launch windows w i l l  be pre- 
sented l a t e r  i n  t h i s  session. For now, only the  e f f e c t s  on the  launch 
phase of providing a window w i l l  be considered. 

It i s  obvious t h a t  f o r  operat ional  f l e x i b i l i t y  it i s  highly de- 
s i r a b l e  t o  have both d a i l y  and monthly launch windows a s  l a r c s  a s  
possible.  
mission would not  have t o  be rescheduled f o r  another day i f  t he  window 
was l a r g e r  than  t he  cumulative delay o r  hold times. A monthly launch 
window allows the  mission to  be quickly rescheduled. 
window was missed, t h e  mission would not  necessar i ly  be delayed f o r  a 
month. 

A d a i l y  window allows delays o r  holds i n  the  countdown. The 

If the  d a i l y  

Although the  duration and frequency o f  holds i s  s t rongly  depen- 
dent on t h e  ac tua l  vehicle,  some estimation o f  t he  expected holds can 
be obtained from h i s t o r i c a l  data .  For programs employing t h e  Atlas,  
Titan, and Saturn launch vehicles ,  t he  data  shows t h a t  only i n  r a r e  
cases i s  a hold o f  g rea t e r  than 2 hours followed by a successful  launch. 
This indicates  t h a t  a 2-hour window should be adequate. 
were t o  exceed 2 hours, the  mission would probably have t o  be scrubbed 
anyway 

If the  hold 

For the  lunar  missions, d a i l y  launch windows requi re  changes i n  
launch azimuth: t h e  l a rge r  t he  d a i l y  window, the  l a r g e r  t he  required 
azimuth change. The mechanism by which var iab le  azimuth provides 
launch windows will be described i n  the  t ranslunar  i n j ec t ion  phase. 
For now, l e t ' s  assume it i s  required.  The l imi t a t ions  t o  the  launch 
azimuths tha t  can be used a re  based on considerations of range safe ty ,  
booster performance, and in se r t ion  t racking requirements. 
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IN PAYLOAD, 
LBS 

-1200 

Figure 1.- Effec t  of launch azimuth on payload 
capabi l i ty .  

requirements a r e  increased, or  i t s  payload capab i l i t y  i s  decr sed, 
indicated i n  f igu re  1. 
lunar  mission payloads f o r  launch azimuths beyond t h e  72 
range; however, i t s  f l i g h t  performance f u e l  reserves  a re  d r a s t i c a l l y  
reduced. 
launch azimuth l i m i t s .  

The Saturn vehicle  i s  capable ofoprovidinq 
to  108’ 

For t h i s  reason, t he  mission w i l l  be constrained t o  these 

S 

3.  Inse r t ion  tracking.- There i s  an opera t iona l  requirement t o  

Since t h e  
t r ack  the  space vehicle  from o r b i t  i n se r t ion  t o  a t  l e a s t  3 minutes 
following in se r t ion  i n  order t o  make a GO/NO-GO decision. 
Apollo space vehicle  is  inser ted  in to  o r b i t  some 1400 n. m i .  downrange, 
a sh ip  i s  required t o  provide t h i s  t racking.  
t i v e l y  slow compared with t h e  launch azimuth change during a launch 
window, and it cannot keep up w i t h  t h e  changing ground t rack.  
t he  t racking coverage downrange afforded by one sh ip  limits t h e  range 
of usable l%unch azimuths t o  26O, as  shown i n  figure 2 on the  following 
page. 
of 72’ t o  108’ grovides a t  l e a s t  a 2.5-hour d a i l y  window. 
of where the  26 
t o  the  mission planner, and i s  based on such things as maximizing space- 
c r a f t  fuel  reserve,  MSF” tracking coverage, launch window duration, and 
providing a dayl ight  launch. 

The sh ip  speed i s  re la -  

Thus, 

A 26 range of usable launch azimuths anywhere between t h e  values 
The choice 

range i s  loca ted  within the  m a x i m u m  bounds i s  l e f t  up 

Another cons t ra in t  on the launch phase of mission planning i s  t h e  
monthly launch window. 
be rescheduled a s  soon a s  possible i n  case it i s  scrubbed f o r  any 
reason on a given day o r  i n  case a hold extends beyond t h e  d a i l y  window. 
It a l so  allows some f l e x i b i l i t y  i n  t h e  i n i t i a l  planning of t h e  launch 
day. 

A monthly launch window allows t h e  mission t o  
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IN LAUNCH AZIMUTH 

- J HOLD CAPABILITY cant data  t h a t  have been used 
- t o  develop the  minimum launch 

- J R E S C H E D r  TO LAUNCH 
window philosophy. 

- 
If t h e  mission i s  scrubbed 

a f t e r  t he  countdown has reached I 
I 

1, ---, LAUNCH WINDOW LIMIT 

- 

SYSTEMS CAPABILITY MERGES WITH T - 6 hours, t h e  minimum time 
t o  recycle  i s  i n  excess of 30 \ _----------- - 

V 
I I I I hours, and i s  as long as 40 I 

~~~~~~~ SHIP J]  \\ 
TRACKING COVERAGE 
AT 100 NM ALTITUDE 

Figure 2.- Orb i t  i n se r t ion .  

How monthly launch windows a r e  obtained and t h e i r  l i m i t a t i o n s  
o the r  than vehicle systems i s  the  subjec t  of t h e  res t  of t h i s  session. 
After describing t h e  various constraining considerations during t h e  
r e s t  of t h i s  t a l k  we will come back t o  t h i s  p a r t i c u l a r  subjec t .  
now, we will discuss  only the e f f e c t s  of vehicle  recycle c h a r a c t e r i s t i c s  
on the  requirements f o r  and l i m i t a t i o n s  t o  monthly launch window selec- 
t i on .  

For 
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3 days, which does not  allow any addi t ional  time f o r  r epa i r s  or replac- 
ing components. 
the recycling, 3 days would not be su f f i c i en t .  Therefore, a window of 
only 3-days duration i s  not desirable,  but is  a minimum. 
allow time f o r  repa i rs  and s t i l l  make the monthly launch window, it 
should be a s  long as possible.  
probabi l i ty  of a successful launch i s  between 85% and 90% i f  a 3-day 
window i s  avai lable ,  and t h a t  t h i s  increases t o  about 95% i f  the  launch 
window is  of 5-day duration. 
mission i s  being planned only f o r  those periods when a t  l e a s t  a 3-day 
window ex i s t s ,  and every e f f o r t  i s  being made t o  provide 5-day windows. 

If t h i s  a c t i v i t y  could not  be done i n  p a r a l l e l  with 

In  order t o  

The Bellcomm s tudies  ind ica te  t h a t  the  

Based on t h i s  data ,  the lunar landing 

One f i n a l  consideration i n  the launch phase i s  the  d e s i r a b i l i t y  
There a r e  three reasons which make a dayl ight  of a daylight launch. 

launch highly desirable,  a l l  of which a re  concerned wi th  contingencies. 

1. In  the event of an abort o f f  the  pad, the recovery of the crew 
i n  the  Merr i t t  Is land area would be complicated i f  it had t o  
be performed under conditions of d a r h e s s .  

2. Aborts l a t e r  i n  the  launch require  a t t i t u d e  maneuvering of 
the  SC, f o r  which it i s  desirable  t o  have a s u n l i t  horizon 
as  a backup f o r  a t t i t u d e  reference.  

3. Final ly ,  it is  desirable t o  have photographic coverage of the 
boost phase f o r  postf l ight  analysis  i f  a catastrophic  f a i l u r e  
occurs 

Because of these three considerations, every e f f o r t  w i l l  be made 
to  provide a dayl ight  launch, although the mission w i l l  not  be con- 
s t ra ined  to  dayl ight  launches only. 

M T H  PARKING ORBIT PHASE 

Earth parking o r b i t s  a r e  required in order t o  provide launch 
windows of reasonable duration. 
however, the launch windows a re  unacceptably small. 

Direct lunar i n j ec t ions  a re  possible;  

The only major consideration i n  the  ea r th  parking o r b i t  phase i s  
the  duration o r  the  number of earth o r b i t s .  
t i o n  i s  constrained by space vehicle systems considerations. 
mum duration i s  4.5 hours from o r b i t  inser t ion  to  the  beginning of 
in jec t ion  and is  l imi ted  by the launch vehicle  capabi l i ty  t o  provide 
a t t i t u d e  control  and by the  bat tery l i fe t ime.  
th ree  parking o r b i t s  pr ior  t o  the second S-IVB burn. 
considerations i n  l imi t ing  the parking o r b i t  duration, although they a r e  

The parking o r b i t  dura- 
The m a x i -  

T h i s  time allows up t o  
There a r e  o ther  
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no t  hard constraints .  
form dr i f t  make it des i rab le  t o  i n j e c t  a s  soon a s  possible.  

The S-IVB propel lant  boil-off and i n e r t i a l  p la t -  

The m i n i m u m  duration of t he  ea r th  parking o r b i t  phase i s  l imi ted  
by the  time required to  perform system checks and r ea l ign  the  space- 
c r a f t  platform. Analysis of t he  crew's schedule ind ica t e s  t h a t  t h i s  
w i l l  require  a t  l e a s t  1 . 5  hours. 

There i s  a lso a minimum network coverage requirement which s t a t e s  
t h a t  two tracking s t a t i o n s  and a command s t a t i o n  must be passed before  
the  GO decision f o r  the  second S-IVB burn; however, t h i s  i s  always 
accomplished i n  the  first o r b i t .  Thus, there  i s  a 3-hour period from 
1 . 5  t o  4.5 hours  a f t e r  o r b i t  i n se r t ion  i n  which the  t rans lunar  in jec-  
t i o n  can occur. 
o r  t h i r d  o rb i t .  
o r b i t s  f o r  a t y p i c a l  launch azimuth. 
p a r t  of t h e  o r b i t  on which a t rans lunar  i n j ec t ion  could occur. 

This means t h a t  the  in j ec t ion  must occur on the  second 
Figure 4 i l l u s t r a t e s  t he  ground t r acks  f o r  th ree  ea r th  

The s o l i d  l i n e  ind ica t e s  t h a t  

80 -, 
_ L  

I- ;:$ 'A. I 0 0  N MI ALTITUDE ORblT 
r 

I -+ SPACECRAFT G R O U N D  ELAPSE0 TIME - *( FROMLIFT O F F  IS I N D I C A T E D  IN H O U R S  - 

bo 
Y'  -.. 1 ',.l >-, - 
100 I20 140 1W EIOOW 160 140 110 100 80 bo 40 20 W O E  20 40 W M 

L O N G I T U D E  O E G  

Figure 4.- Earth parking o r b i t  ground t r a c k  f o r  
th ree  o r b i t s  f o r  a 90 degree 

launch azimuth. 

TRANSLUNAR INJECTION 

The t ranslunar  i n j ec t ion  point  i s  r i g i d l y  constrained by performance 
considerations; t he  geometry of the  moonls o r b i t ,  the  energy require- 
ments of the earth-to-moon t r a n s f e r  t r a j ec to ry ,  and the  necess i ty  of 
e f f i c i e n t l y  burning the S-IVB propel lant  a l l  combine t o  place very 
t i g h t  r e s t r i c t i o n s  on the  loca t ion  of the i n j e c t i o n  maneuver. 
tempt Will be made i n  t h i s  sec t ion  to  show how these considerat ions 
are in t e r r e l a t ed ,  and how t h i s  i n j ec t ion  pos i t ion  i s  determined. 
somewhat involved and w i l l  take considerable explanation. 

An a t -  

It  i s  
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The t ranslunar  t r a j ec to ry  i s  e s s e n t i a l l y  a highly eccent r ic  
e l l i p t i c a l  e a r t h  o r b i t .  
transfer which takes  t h e  spacecraft  from the  c i r c u l a r  o r b i t  t o  the  
e l l i p t i c a l  o r b i t .  
spacecraf t  i s  aimed a t  a posit ion where t h e  moon will be a t  t h e  time of 
a r r i v a l ,  a s  i l l u s t r a t e d  i n  f igu re  5. 
vous with a minimum expenditure of propel lant ,  t h e  in j ec t ion  must occur 
very close t o  t h e  extension of  the earth-moon l i n e  a t  t he  time o f  
a r r i v a l .  
is  ca l l ed  t h e  moon's antipode.) 
transfer i s  what is  being s t r ived  f o r .  

The t ranslunar  i n j ec t ion  maneuver i s  an o r b i t a l  

I n  order t o  a r r ive  i n  t h e  v i c i n i t y  of t he  moon, t he  

In  order t o  accomplish t h i s  rendez- 

(The negative of t h e  u n i t  vector  of t he  moon's posi t ion 
Something c lose ly  akin t o  a Hohmann 

7 PERIGEE 

INJECTION 
CUTOFF 

0 
MOON 

Figure 5.- Translunar in jec t ion  geometry. 

A minimum energy t r ans fe r  would place t h e  perigee on the  antipode 
i f  the  moon's mass d id  not  perturb t h e  t r a j ec to ry .  However, t he  moon 
does per turb t h e  t ra jec tory ,  a s  shown i n  f i g u r e  5, and the  perigee 
must lead  t h e  antipode by approximately 8' t o  compensate f o r  the  per- 
turbat ion.  The apogee a l t i t u d e  of  t he  osculat ing conic t r a j e c t o r y  i s  
determined by t ranslunar  f l i g h t  time, which def ines  the  t r a j e c t o r y  
energy required.  

To i n j e c t  t o  the  moon i n  t h e  most e f f i c i e n t  manner, an impulsive 
ve loc i ty  would be added along t h e  o r b i t a l  ve loc i ty  vector ,  r e su l t i ng  i n  
an in j ec t ion  a t  perigee on t h e  translunar conic t r a j ec to ry .  Since an 
impulsive addi t ion of ve loc i ty  i s  no t  possible,  a f i n i t e  burn timg i s  
required,  and the  ac tua l  in jec t ion  pos i t ion  i s  on t h e  order of 20 
ahead on the  antipode. 
ve loc i ty  vector ,  and a s  t h e  speed increases  above o r b i t a l  speed, t he  
a l t i t u d e  and f l ight-path angle also increase.  For the  Apollo configura- 
t i on ,  by t h e  time a suf f ic ien t  energy increase i s  rea l ized ,  t he  a l t i t u d e  
increases  60 n. mi. above the o rb i t  and a pos i t i ve  f l ight-path angle of 
6? t o  7' has been gained. 
parabol ic  ( eccen t r i c i ty  % 0.97), t h e  t r u e  anomaly i s  approximagely eq8al 
t o  twice t h e  f l ight-path angle, so perigee i s  approximately 1 2  

The thrus t  i s  d i rec ted  approximately along t h e  

Since the  conic t r a j e c t o r y  i s  very near ly  

t o  14 
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behind the  burn cutoff posi t ion.  
i gn i t i on  always occurs within a few degrees of t he  antipode. 

The burn a r c  i tsel f  i s  2r0 ,  so t h a t  

The preceeding discussion has shown t h a t  t he  in j ec t ion  posi t ion i s  
very C l 0 5 d y  r e l a t ed  t o  the  moon's antipode. 
c i e n t l y  the  spacecraf t  must i n j e c t  near it, so t h a t  we must now consider 
t h e  problem of ge t t ing  t o  the  antipode from t h e  launch pad a t  t he  Cape. 

To go t o  t'ne moon e f f i -  

The antipode, which i s  a u n i t  vector from the  center  of t he  ea r th  
i n  the  direct ion negative t o  the  moon's pos i t ion ,  moves a s  t he  moon 
t r a v e l s  i n  i ts  o rb i t .  
both of the  motions must be compensated f o r  i n  order t o  rendezvous with 
t h e  antipode. 
pode movements i n t o  two categories  - a long period cycle and a sho r t  
period cycle. 

The launch pad i s  ro t a t ing  with t h e  ear th ,  and 

I t  i s  convenient t o  divide the  descr ip t ion  of the  an t i -  

The long period cycle i s  due t o  the  moon's o r b i t a l  t r a v e l  about 
Assume t h a t  t he  ea r th  i s  

A s  t he  moon revolves 

t h e  ea r th  Figure 6 i l l u s t r a t e s  t h i s  e f f ec t .  
a f ixed,  motionless sphere and i s  not  ro t a t ing  about i t s  ax is .  
moon's o r b i t  plane cuts  t h i s  sphere, a s  shown. 
around the  earth,  i ts antipode would t r a c e  a g rea t  c i r c l e  i n  t h i s  plane 
around t h e  surface. 
ea s t .  
time the  antipode would beoback where it began. 
t h e  antipode i s  about 0.54 
a time h is tory  similar t o  t h a t  shown i n  figure 6. 

The 

Note t h a t  t h e  d i rec t ion  of t r a v e l  i s  from west t o  
The o r b i t a l  period i s  some 28 days, and thus a t  the  end of t h i s  

The r a t e  of t r a v e l  of 
per hour. The l a t i t u d e  of t he  antipode has 

MOON'S ORBIT 

LATITUDE T IM E-HISTORY 
OF ANTIPODE 

LATITUDE 

18 
DAY 5 

Figure 6. - Long period motion of antipode. 
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The shor t  period motion of the antipode across  t h e  surface of t h e  
ea r th  is due t o  t h e  e a r t h ' s  ro ta t ion .  
t h a t  t he  moon i s  f ixed  a t  some posit ion i n  i t s  o r b i t ,  and t h e  ea r th  i s  
now allowed t o  r o t a t e  about i t s  polar ax is .  
i l l u s t r a t e d  i n  f i g u r e  7. 
t h e  longitude changes from e a s t  to west by 15  The complete 
p i c tu re  of t h e  antipode t r a v e l  across the  ea r th ' s  surface i s  obtained 
by combining t h e  long period and the  shor t  period motions. The l a t i -  
tude va r i e s  s inusoida l ly  with time with an amplitude of 28.5' ( i n  1968) 
and a pgriod of 28 days. 
of 14.5 per hour. 

To i l l u s t r a t e  t h i s ,  it is  assumed 

The antipode t r a v e l  i s  
In  t h i s  case the  laotitude i s  constant,  and 

per hour. 

The longitude va r i e s  by a near ly  l i n e a r  r a t e  

The launch must occur a t  a 
ce r t a in  time f o r  each launch azi-  
muth i n  order  t o  in t e rcep t  t h e  anti-  
pode. The cor rec t  launch time i s  
defined by t h e  antipode's posit ion,  
t h e  time i n t e r v a l  from launch t o  
a r r i v a l  a t  t h i s  posi t ion,  and the 
antipode t r a v e l  during t h i s  time 
in te rva l .  Figure 8 i l l u s t r a t e s  
t h i s  problem. Consider an i n e r t i a l  
sphere having a rad ius  equal t o  the 
ea r th ' s  radius .  A p l o t  of  t h e  
launch pad as a function Of Figure 7.- Short-period motion of 

antipode. time on t h i s  sphere i s  represented 
by a f ixed  l a t i t u d e  completely en- 
c i r c l i n g  t h e  sphere. The launch 
pad completes one revolution per  day. 
given by the  in t e r sec t ion  of t h e  moon o r b i t  plane and the  sphere. 
antipode completes a revolution every 28 days. 

The t r a c e  of t h e  antipode i s  
The 

The launch f o r  any given 

Figure 8.- Antipode rendezvous geometry, 
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azimuth must be timed so t h a t  the  i n e r t i a l  plane of the  r e s u l t i n g  o r b i t  
contains the antipode a t  the  time the  space vehic le  crosses  the  moon 
o r b i t  plane. Later  launch times requi re  g rea t e r  launch azimuths. If 
addi t iona l  parking o r b i t s  a r e  required,  t he  launch must ogcur l a t e r  t o  
accoun-t f o r  t h e  a d d i t i o n d  antipode t r ave l .  
the  launch pad, t he re  a r e  two launch times f o r  each azimuth which allow 
intercept ion of t he  antipode. 
which shows the  same s i t u a t i o n  i n  earth-fixed coordinates.  

For each 360 t r a v e l  of 

This i s  b e t t e r  i l l u s t r a t e d  i n  f i g u r e  9, 

GEODETIC 
LATITUDE, 

DEG 

90100 110 140 160 180 160 140 110 100  80 60 40 10 0 20 40 60 8 0 9 0  
EAST WEST EAST 

LONGITUDE, DEG 

Figure 9.- Translunar i n j ec t ion  cha rac t e r i s t i c s .  

In  f igu re  9, the  launch pad i s  now f ixed ,  and the  antipode t r a v e l s  
rap id ly  over the  surface of t he  ear th .  The antipode posi t ion i s  shown 
a t  four d i f f e ren t  thmes durigg the  day, corresponding t o  the  pos i t ions  
a t  in te rcept  f o r  72 and 108 launch azimuths. The launch must be 
timed so tha t  the  vehicle  i n t e rcep t s  the  moving antipode. The time 
required f o r  the  antipode t o  t r a v e l  from the  in t e rcep t io8  of the  72' 
launch azimuth t r a j e c t o r y  t o  t h e  in te rcept ion  of the  108 t r a j e c t o r y  
def ines  the launch window durat ion.  The in t e r sec t ion  of the  MOP i s  
drawn i n  f o r  each posi t ion.  
times f o r  one azimuth can provide in t e rcep t  with the  antipode. One 
provides in jec t ions  going south over the  At l an t i c  Ocean and the  o ther  
provides in jec t ions  going nor th  over the  P a c i f i c  Ocean. For the day 
i l l u s t r a t e d  i n  the  f igu re ,  t he  At lan t ic  i n j ec t ion  gives  a t r a j e c t o r y  
t h a t  i s  near ly  i n  the  maon's o r b i t  plane, and the  P a c i f i c  i n j ec t ion  
r e s u l t s  i n  a t r a j e c t o r y  t h a t  i s  highly inc l ined  t o  t he  moon's o r b i t  
plane. Half a lunar  cycle l a t e r ,  t he  P a c i f i c  i n j ec t ion  would be 
highly inclined. 
on the lunar decl inat ion and i s  a maximum when t h e  moon i s  near t he  
equator. When the  moon i s  near maximum dec l ina t ion ,  both windows 
provide t r a j e c t o r i e s  with low r e l a t i v e  inc l ina t ions .  

This f igu re  shows how two d i f f e r e n t  launch 

The magnitude of t h i s  r e l a t i v e  i n c l i n a t i o n  depends 
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It i s  of spec ia l  s ignif icance t h a t  t he  P a c i f i c  i n j ec t ion  always 
results i n  a t r a j e c t o r y  above the moonts o r b i t  plane, regardless  of the  
moon's dec l ina t ion  o r  whether i t  i s  ascending o r  descending. 
e f f e c t s  t h e  r e l a t i v e  locat ion of ava i lab le  landing areas  on t h e  moon 
from these two in j ec t ion  windows. 

This 

This e f f e c t  w i l l  be described l a t e r .  

It can be seen t h a t  when the launch azimuth bounds a r e  defined, 
t h e  proper launch time can be found, allowing f o r  t he  number of parking 
o r b i t s  t o  be employed p r i o r  t o  in jec t ion .  

If f o r  some reason t h e  in j ec t ion  opportunity were missed, i n j ec t ion  
could be attempted one o r b i t  l a t e r  when the  space vehicle  again approached 
t h e  antipode. 
i s  not  necessar i ly  the  same a s  the vehic le ' s  o r b i t ,  a plane change would 
be required. It can be seen t h a t  t h e  
antipode has t rave led  out  of the parking o r b i t  plane when the  vehicle  
r e tu rns  t o  the  pos i t ion  of in jec t ion .  The magnitude of the  out-of-plane 
t r a v e l  i s  dependent on the  r e l a t i v e  inc l ina t ion  between the  parkhng 
o r b i t  and t h e  moon o r b i t  planes. 
This second in j ec t ion  would require  a grea te r  propel lant  expenditure by 
t h e  S-IVB because of the  plane change involved. 
po r tun i t i e s  a r e  to  be provided, t he  launch would be timed so t h a t  both 
would requi re  a plane change, because t h i s  minimizes the  propel lant  
required. The launch would occur a l i t t l e  b i t  l a t e r  so t h a t  t he  first 
t i m e  t he  vehicle  crosses the moon o r b i t  plane, t he  antipode has not  
reached the  parking o r b i t  plane. 
t h e  moon o r b i t  plane, the  antipode has passed through the  parking o r b i t  
plane. If th ree  in j ec t ion  opportuni t ies  a r e  t o  be provided, t h e  launch 
would be timed so t h a t  t he  antipode was i n  the  parking o r b i t  plane f o r  
t h e  second one. 

However, s ince  the antipode i s  t r ave l ing  i n  a plane t h a t  

This i s  i l l u s t r a t e d  i n  figure 10. 

The m a x i m u m  value i s  about 0.6 . 
If two in j ec t ion  op- 

The second time t h e  vehicle  crosses 

ANTIPODE #)SITION 
AT 2ND H J K T I O N  
OPPORTUNlTY PARKING 

RANGE OF POSSIBLE 
RELATIVE INCLINATIONS 
BETWEEN TRAJKTORY & 
MOON ORBIT PLANES=60°p' 

\ / /  

/ 
/ 

/MOON 
PLANE 

\ 
ANTIPODE AT 
1.51 M J K T O N  
OPFORTUN ITY 

/ L A X O D E  TRAVEL ' 
/ 

ORBIT 

Figure 10.- Ef fec t  o f  missing 1st i n j e c t i o n  
opportunity. 
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Figure 11 i l l u s t r a t e s  the  e f f e c t s  of d i f f e r e n t  ta rge t ing  methods 
on the  cha rac t e r i s t i c  ve loc i ty  required t o  provide addi t iona l  in jec-  
t i on  opportuni t ies .  Three cases a r e  shown. The first shows addi t iona l  
AV required when t h e  launch i s  timed f o r  t h e  first in j ec t ion  t o  be co- 
planar.  
requirements. 

The second. and t h i r d  oppor tan i t ies  have l a rge  addi t iona l  AV 

INJECTION TARGETED TO 
0 MINIMIZE PROPELLANT REQUIRED I FOR I S 1  OPPORTUNITY 7 

'0° 1 0 MINIMIZE PROPELLANT REQUIRED \ 
FOR I S 1  A N D  2 N D  OPPORTUNITIES 

CHARACTERISTIC FOR 3 OPPORTUNITIES 
VELOCITY REQUIRED 

TO PROVIDE ADDITIONAL - 
TRANSLUNAR INJECTION 

OPPORTUNITIES, FPS 

0 
1 2 3 

Figure 11.- Injec t ion  opportunity. 

In the second case, the  launch i s  timed t o  s p l i t  t he  d e l t a  azimuth 
between the f i r s t  and second in j ec t ion  opportuni t ies .  
used f o r  two in j ec t ion  opportuni t ies .  

This would be 

In  the t h i r d  case, launch i s  timed so t h a t  second in j ec t ion  op- 
portuni ty  i s  coplanar. 
i n j ec t ion  opportunities.  

This method would be used t o  provide three  

The penal t ies  shown a re  only i l l u s t r a t i v e ;  t h e  ac tua l  values 
s t rongly depend on r e l a t i v e  inc l ina t ion  between the  two planes. 

Because in j ec t ion  i s  l imi ted  to  the  second o r  t h i r d  o r b i t ,  only 
two in jec t ion  opportuni t ies  a r e  planned f o r  504 mission, and the  
second target ing technique i s  being used. 

The combination of launch azimuth l i m i t s ,  parking o r b i t  durat ion 
constraints ,  and the geometry of t he  moon's o r b i t  confine the  loca t ion  
of the  in jec t ion  posi t ions t o  two geographical a reas .  These areas  a r e  
general ly  centered over the  south At l an t i c  Ocean and the  Pac i f i c  Ocean, 
and f o r  t h i s  reason a r e  dis t inguished by these  names. The bounds, a s  
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shown i n  
a zimut h , 
of lunar  
possible  

For 

f igu re  12, a r e  defined byothe f i rs t  o r b i t  f o r  a 72' launch 
the  t h i r d  o r b i t  f o r  a 108 
decl inat ion.  
i n j ec t ion  posi t ions.  

launch azimuth, and t h e  extremes 
The areas shown i n  figure 1 2  contain a l l  o f  t he  

G t ODLllC 

LA I ITUDE 

DEG 

80 

11111111111111111 TRANSLUNAR INJECTION ON F I R S 1  
AND SECOND REVOLUTIONS bO 

TRANSLUNAR INJECTION ON StCOhl 

A0 

20 

0 

20 

40 
108' 71' 

bo . , ~, . , . . , . , . . . . . . 
B - i 

180 160 I10 110 100 80 60 4 0  20 0 ?O 10 60 80 100 120 1 4 0  IbI  C 

LONGIWDE DEG 
WEST t A S 1  

Figure 12.- Ehvelope of free re turn  t ranslunar  

1968 and 1969. 
in jec t ion  cutoff  posi t ions f o r  

TRANSLUNAR COAST PHASE 

the  t ranslunar  coast  phase, the  descr ipt ion w i l l  be confined 
t o  t h e  e f f e c t s  of the t r a j ec to ry  inc l ina t ion  r e l a t i v e  t o  t h e  moon's o r b i t  
plane, t he  e f f e c t s  of t he  free-return f l i g h t  plan and i t s  r e l a t ionsh ip  
t o  t h e  lunar  o r b i t  inser t ion  maneuver, and f i n a l l y  a discussion of  some 
a l t e rna t ives  t o  the  free-return f l i g h t  plan. 

The first point  t o  be made i n  describing the  t ranslunar  coast  
t r a j e c t o r y  i s  i n  regard t o  the  r e l a t i v e  loca t ion  of t he  t r a j e c t o r y  to  
the  moon's o r b i t  plane. 
always r e s u l t  i n  t ranslunar  t r a j e c t o r i e s  above t h e  lunar  o r b i t  plane 
and t h a t  At lan t ic  in jec t ions  always r e s u l t  i n  t ranslunar  t r a j e c t o r i e s  
below it, a s  shown i n  f igu re  13 on the  following page. The amount of 
out-of-planeness i s  a function o f  t h e  moon's dec l ina t ion  and whether o r  
no t  it i s  ascending o r  descending i n  i t s  o r b i t .  These parameters in- 
f luence the  magnitude of the  e f fec ts ;  however, they do not  change the  
general  conclusions. 

It  was s t a t e d  e a r l i e r  t h a t  P a c i f i c  i n j ec t ions  



Figure 13.- Effec t  of i n j ec t ion  window 
on t ranslunar  t r a j e c t o r y  geometry. 

Following a Pac i f i c  i n j ec t ion ,  t he  spacecraf t  approaches the  moon 
from above the moon o r b i t  plane. 
t h i s  plane on t h e  f a r  s ide  of t he  moon, where t h e  lunar  o r b i t  inser -  
t i on  maneuver takes  place. 
t o  be approximately a s  i l l u s t r a t e d  i n  f igu re  14. 
the  o r b i t  inser t ion  can modify the  r e s u l t a n t  o r i en ta t ion  somewhat, but  
t he  basic  conclusion can s t i l l  be drawn t h a t  t o  land a t  northern l a t i -  
tudes on the f r o n t  s ide  of t he  moon, a Pac i f i c  i n j ec t ion  w i l l  r e s u l t  
i n  lower propellant costs .  
southern l a t i t udes .  
accessible  lunar areas  a re  defined. 

This forces  t h e  t r a j e c t o r y  below 

The r e su l t i ng  lunar  o r b i t  then i s  constrained 
A plane change during 

Conversely, At lan t ic  i n j ec t ions  favor the  
This will be c l e a r l y  demonstrated l a t e r  when the  

PACIFIC INJECTIONS 

\ n 

ATLANTK INJECTIONS 

Figure l.4.- Ef fec t  of i n j ec t ion  window 
on lunar  approach conditions. 
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FREE RETURN 

One of t h e  most constraining requirements of t h e  lunar  landing 
mission i s  t h e  requirement f o r  a free-return t r a j ec to ry .  
l i m i t s  t he  area on the  moon t o  which Apollo missions can be conducted. 
Although it i s  cos t ly  i n  terms of spacecraf t  performance requirements, 
t h e  inherent  safety feature o f  a free return makes it a highly des i rab le  
method of ge t t i ng  t o  the  moon. 

It severely 

A circumlunar f ree-return t ra jec tory ,  by de f in i t i on ,  is  one which 
circumnavigates t h e  moon and re turns  to  ear th ,  a s  shown in f igu re  15. 
The perigee a l t i t u d e  of t h e  return t r a j e c t o r y  i s  of such a magnitude 
t h a t  by using negative l if t  t h e  reenter ing vehicle  can be prevented 
from skipping out  of t he  atmosphere, and the  aerodynamic decelerat ion 
can be kept below 10 g. 
following t h e  t ranslunar  in jec t ion ,  t he  spacecraf t  would r e tu rn  s a f e l y  
t o  ear th .  

Thus, with a complete propulsion system failure 

Figure 15.- Free r e t u r n  t r a j e c t o r y  

The range of return-perigee a l t i t u d e s  t h a t  provide t h i s  f ea tu re  
i s  ca l l ed  the  reent ry  corr idor  and i s  pr imari ly  a funct ion of the  l i f t -  
to-drag r a t i o  of t he  reent ry  vehicle.  
corr idor  i s  approximately f 12 n. m i .  centered around a 25-n. m i .  a l t i -  
tude. 
t r a j e c t o r y  i s  less than a 0.1 fps. Obviously, t h i s  i s  well  beyond the  
capab i l i t y  of any guidance system when the  t o t a l  AV involved is  on the  
order  of 10 000 fps .  However, i t  is s t i l l  v a l i d  t o  plan f o r  a f ree-  
r e tu rn  t r a j ec to ry ,  because t h i s  procedure a t  l e a s t  w i l l  minimize the  

For t h e  Apollo vehicle  t h i s  

The in j ec t ion  ve loc i ty  accuracy required t o  achieve a f ree-return 
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Perilune could be adjusted from 140' W longitude t o  140' E longi- 
tude merely by se l ec t ing  the  appropriate  f l i g h t  time, 
region of perilune posi t ion of f ree-return t r a j e c t o r i e s  combined with 
a small range o f  approach inc l ina t ions  i s  what limits the  access ib le  
area. 

t he  moon o r b i t  plane is l e s s  than 11'. Any t r a j e c t o r y  with a g rea t e r  
i nc l ina t ion  than t h i s  simply does not  r e tu rn  t o  the  en t ry  corr idor  a t  

This narrow 

The r e l a t i v e  inc l ina t ion  between the  free-return t r a j e c t o r y  and 

i 

AV requirements to  re turn  t o  e a r t h  should a SPS f a i l u r e  occur. 
s i t ua t ion ,  there  i s  a good probabi l i ty  t h a t  t he  RCS can provide the  
necessary veloci ty  correct ions t o  overcome the  in j ec t ion  e r ro r s .  

In  t h i s  

The free-ret lnn t r e j e c t c r y  severely liroits the  accessible  area OE 
t h e  moon because of the very small  va r i a t ion  i n  allowable lunar  approach 
conditions and because the energy o f  the  lunar  approach t r a j e c t o r y  i s  
r e l a t i v e l y  high. The high approach energy causes the  o r b i t  i n se r t ion  
AV t o  be r e l a t i v e l y  high. 
area a re  a r e s u l t  of t he  small range i n  f l i g h t  times from ea r th  t o  
moon. 
of per i lune.  A l l  f ree-return t r a j e c t o r i e s  have t ranslunar  t r a n s i t  
times between 60 and 80 hours, and it can be segn i n  f igu re  16 t h a t  
per i lune i s  l imited to a region within agout 10 of the  negative of 
t h e  earth-moon l i n e  o r  approximately 180 longitude. For non-free- 
re turn  t r a j e c t o r i e s ,  t he  t r a n s i t  time can be anything from 50 t o  110 
hours. 

However, t h e  main l imi t a t ions  t o  access ib le  

Figure 16 i l l u s t r a t e s  t he  effect of f l i g h t  time on the  loca t ion  

MEOW TRANSLUNAR 
TRANSIT TIMES 

HRSS F 5 80 HRSI 
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ea r th  regardless  of t he  per i lune pos i t ion .  The range of f ree-return 
t r a j e c t o r y  conditions near t he  moon i s  i l l u s t r a t e d  i n  f igu re  17. 
t h e  r e l a t i v e l y  small cone formed by the  locus of per i lune posi t ions.  

Note 

The braking maneuver t o  de- 
ce l e ra t e  the  spacecraf t  from the  
hyperbolic approach t r a j e c t o r y  t o  a 
lunar  o r b i t  i s  performed a t  o r  near 
per i lune.  For i l l u s t r a t i v e  pur- 
poses, it will be assumed t h a t  de- 
ce le ra t ion  occurs a t  perilune.  In 
order  t o  land a t  a s i t e  t h a t  i s  not 
contained by the  approach t r a j ec to ry  
plane, a plane change must be made. 
It is  general ly  more e f f i c i e n t  t o  
combine t h i s  plane change with the 
decelerat ion a t  o r b i t  i n se r t ion .  
When the  landing s i t e  i s  near the 
node, however, an excessively large 

Figure 17.- Lunar approach 
geometry of f ree-return 

t r a  j ac to r i e s  . 
plane change i s  required t o  cause- 
t h e  t r a j e c t o r y  t o  pass over t h e  
si te.  
have low inc l ina t ions  and o r b i t  i n se r t ion  occurs near t he  180 
it can be seen t h a t  t o  cause t$e lunar  o r b i t  t o  pass over s i t e s  a t  high 
l a t i t u d e s  i n  the  region near 0 
be required. 
magnitude of t he  plane change tha t  can be made. 

This i s  i l l u s t r a t e d  i n  f igure  18. Since t h e  approach 2 ra j ec to r i e s  
longitude, 

longitude, l a rge  plane changes would 
The propel lant  capacity of the  spacecraf t  limits the  

A s  was noted i n  f igure  17, t he re  
is  a locus of per i lune posi t ions;  i t  
i s  not  t h a t  there  i s  no t  one f o c a l  
point  through which a l l  of t he  t r a -  
j e c t o r i e s  must pass; there  i s  an area.  
This tends t o  r e l i e v e  t h e  l i m i t a t i o n s  
s l i g h t l y ,  but the  f a c t  remains t h a t  
a plane change a t  deboost i s  r e l a -  
t i v e l y  ine f f ec t ive  i n  achiexing 

tude. 
s i t e  is  moved away from the  0 longi- 
tude, t he  plane change requirements 

Effectiveness Of higher l a t i t u d e s  near t h e  0 longi- 
plane change a t  lunar  o r b i t  

inser t ion  on increasing 
accessible  landing s i t e s .  

Note a l so  t h a t  a s  t he  handing 

become much less. 

If t h e  o r b i t  i n se r t ion  were not  made a t  perilune,  t h e  magnitude of 
t h e  plane change could be reduced i n  many cases, a s  i l l u s t r a t e d  i n  f i g -  
ure 19 on t h e  following page. In  t h i s  figure, two lunar  o r b i t s  r e su l t i ng  
from o r b i t  i n se r t ion  a t  two d i f f e r e n t  posi t ions along the  approach 
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hyperbola are  i l l u s t r a t e d .  
could be acceptable. 

Both pass over t he  landing s i t e ,  and both 

TYPICAL 
LUNAR 
ORBITS 

TRAJECTORY 

Figure 19.- Relat ive t r a j e c t o r y  geometry of 
lunar o r b i t  i n se r t ion  maneuver. 

If the in se r t ion  was performed a t  per i lune,  a much l a rge r  plane 
change would be required; so it appears t h a t  i f  the  in se r t ion  was 
made p r io r  t o  perilune,  t he  AV required would be much l e s s .  
there  is  an addi t iona l  penalty associated with t h i s  pre-perilune braking 
due t o  the  f a c t  t h a t  a f l ight-path angle change must a l so  be made. Fig- 
ure  20 shows the  in-plane geometry. 
posi t ion other than perilune,  t he  ve loc i ty  vector  must no t  only be re- 
duced, but  i t s  d i rec t ion  must a l so  be changed i f  we a r e  t o  achieve a 
c i r cu la r  o r b i t .  A f l ight-path angle change i s  j u s t  a s  expensive a s  an 
azimuth change. I t  i s  much more e f f i c i e n t  t o  make a small  plane change 
and a small azimuth change than i t  i s  t o  make a l a rge  azimuth change. 
This trade-off i s  made in the  mission t r a j e c t o r y  design t o  obtain the  
optimum combination. 

However, 

If the  deboost i s  performed a t  any 

APPROACH TRAJECTORY \ 

‘7’ 
L U N A R ~  

PARKING ORBIT 

T A P P R O A C H  TRAJECTORY 

LUNAR 
PARKING ORBIT 

Figure 20.- Geometry of lunar  o r b i t  i n se r t ion .  

~ 
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Another f ea tu re  of t h i s  non-perilune deboost i s  t h a t  t h e  r e s u l t a n t  
o r b i t  a l t i t u d e  is  above the  perilune a l t i t u d e .  
reduced a ce r t a in  amount i n  order t o  obtain the  desired o r b i t  a l t i t u d e  
a s  i l l u s t r a t e d  i n  f igu re  20. The exact amount of reduction depends on 
t h e  t r u e  anomaly o f  the  deboost maneuver, but i n  no case i s  a per i lune 
a l t i t u d e  of less than 40 n. m i .  employed. 

The per i lune must be 

Since the  free-return f l i g h t  plan i s  so constraining on t h e  acces- 
s i b l e  lunar  area, p a r a l l e l  invest igat ions of o ther  techniques a r e  being 
conducted. 
develop techniques t h a t  r e t a i n  m o s t  of t he  s a f e t y  f e a t u r e s  of the  free 
re turn ,  but  do not  su f f e r  f r o m  the performance penal t ies .  An example 
of t h i s  type of mission i s  something termed a hybrid f l i g h t  plan, il- 
l u s t r a t e d  in figure 21. The spacecraf t  is  in j ec t ed  i n t o  a highly ec- 
c e n t r i c  e l l i p t i c a l  o r b i t  which has t h e  free-return cha rac t e r i s t i c ;  t h a t  
is, a r e tu rn  to  t h e  en t ry  corridor without any f u r t h e r  maneuvers. The 
launch vehicle  energy requirements a r e  reduced, and a g rea t e r  payload 
(more SPS propel lant)  could be carried.  
j ec t ion ,  a f t e r  t he  SPS has been checked out ,  a midcourse maneuver would 
be performed by the  spacecraf t  t o  place it on a lunar  approach t r a j ec to ry .  
This lunar  approach t r a j e c t o r y  would not  be a free re turn ,  and hence 
would not  be subject  t o  t h e  same l imi t a t ions  i n  t r a j e c t o r y  geometry. 
Landing sites a t  high l a t i t u d e s  could be achieved with l i t t l e  o r  no 
plane change by approaching t h e  moon on a highly inc l ined  t r a j ec to ry .  
This hybrid f l i g h t  plan o f f e r s  la rge  improvements i n  performance over 
t h e  free-return plan and s t i l l  r e t a ins  most of the  s a f e t y  features. 
The spacecraf t  does not  depart  from the  free-return e l l i p s e  u n t i l  t h e  
LM docking has been completed (providing a second propulsion system 
f o r  re turning t o  ea r th )  and then only i f  the  SPS checks out  s a t i s f a c t o r i l y .  

The primary goal of these p a r a l l e l  inves t iga t ions  i s  t o  

Some 3 t o  5 hours a f t e r  in- 

One of t he  d i f f i c u l t i e s  i n  f l i g h t  planning the  hybrid mission i s  
t h a t  t h e  i n i t i a l  t r a j e c t o r y  i s  n o t  amendable to conic approximations. 
So much time is  spent mil l ing around out  near t h e  moon t h a t  conics o r  

FREE-RETURN ELLIPSE rn 

S-Ip I) 2 ND BURN 

Figure 21.- Hybrid f l i g h t  plan. 
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patched conics do not  provide accurate  simulations.  
important t ha t  rapid calculat ion procedures be ava i lab le  because of 
the  l a r g e  number of i t e r a t i o n s  required t o  design a mission t r a j ec to ry .  
If a l l  of  t h i s  must be done with precis ion in t eg ra t ing  t r a j e c t o r y  pro- 
g ram,  t h e  computer t i n e  becomes excessively la rge .  Work is  continuing 
i n  an e f f o r t  t o  develop t h i s  hybrid f l i g h t  plan capabi l i ty .  
a r e  var ia t ions  o f  t h i s  plan which look very promising and these a r e  
a l so  being invest igated.  

It i s  extremely 

There 

A comparison of accessible  area ava i lab le  f o r  hybrid and f ree-  
re turn  f l i g h t  plans i s  given i n  figure 22. Only the  area between 45' E 
and 45' W longitudes i s  shown, a s  t h i s  is  the  primary zone of i n t e r e s t .  

r 

301 IS 

t SELENO. 
G R A W l C  
LATITUDE, 

DEG 

-30 

ADDITIONAL 
AREA OBTAINED 

TRAJECTORIES 
N O N  F R E E  RETURN WITH 

\ACCESSIBLE 
AREA WITH 

F R E E  RETURN 
TRAJECTORIES 

1- < 
\ f  

- 4 5 1  ' I I 1 1 1 J 
- 4 5  -30 -15 0 IS 30 4 5  

SELENOGRAPHIC LONGITUDE, DEG 

Figure 22.- Ef fec t  of non free r e tu rn  t r a j e c t o r i e s  
on 100% access ib le  areas .  

The area avai lable  with free-return t r a j e c t o r i e s  i s  l imi ted  near t h e  
equator. The area a t t a inab le  with the  hybrid mission, which i s  es- 
s e n t i a l l y  the same a s  t h a t  f o r  a non-free-return mission, i s  much 
la rger .  
and extends t o  much higher l a t i t u d e s  a t  t he  smaller longitudes.  

It includes a l l  o f  the  area ava i lab le  with the  free-return,  

LUNAR ORBIT PHASE 

There are only two parameters of i n t e r e s t  i n  t h i s  phase. These 
a r e  the  or ien ta t ion  of the lunar  o r b i t  and t h e  number of parking o r b i t s  
required.  
t o  minimize t h e  AV requirements. 
be considered i n  t h i s  optimization. The th ree  maneuvers are: t he  

The or ien ta t ion  of t h e  plane of t he  lunar  o r b i t  i s  se lec ted  
There a r e  th ree  maneuvers t h a t  must 
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lunar  o r b i t  inser t ion ,  t he  t ransear th  in j ec t ion ,  and a lunar  o r b i t  
plane change performed by the  SM during the  LM s t a y  on the  lunar  sur- 
f ace. 

The moon's r e l a t i v e l y  slow ro ta t ion  r a t e  and t h e  low o r b i t a l  
i nc l ina t ions  r e s u l t  in a small out-of-plane motion of t h e  landing s i t e .  
The lunar  o r b i t  i n se r t ion  maneuver is  planned so t h a t  t h e  r e su l t i ng  
parking o r b i t  plane contains the landing s i t e  a t  t he  nominal time of 
landing, a s  i l l u s t r a t e d  i n  f igu re  23. Posi t ion 1 represents  t h e  lo- 
cat ion of t h e  landing s i t e  a t  t h e  time of lunar  o r b i t  i n se r t ion .  A t  
t he  time of landing it has ro ta ted  t o  posi t ion 2. 

During the  lunar  surface stay,  
t h e  landing s i t e  continues t o  ro- 
t a t e  out-of-plane t o  posi t ion 3 ,  
and i n  order  t o  reduce the  LM ma- 
neuvering requirements, the  SM makes 
a plane change maneuver p r i o r  to  LM 
launch. This maneuver i s  planned 
so t h a t  t he  landing s i t e  i s  in the  
new parking o r b i t  plane a t  t h e  nomi- 
n a l  time of launch. 

The t ransear th  in j ec t ion  maneu- 
ver i s  performed from t h i s  f i n a l  
parking o r b i t  o r ien ta t ion  and, i n  
general ,  a plane change is  required. 
The SM performance requirements a r e  
minimized by se lec t ing  t h e  bes t  
o r i en ta t ion  of t h e  lunar  parking 
o r b i t  consis tant  with the  locat ion 
of t h e  lunar  landing s i t e  and the lunar  surface stay-time. 

Figure 23.- Rotation of t he  
lunar  landing s i t e  re la -  

t i v e  t o  lunar  parking 
o r b i t  plane. 

The number of parking o r b i t s  both p r io r  t o  LM descent and a f t e r  
rendezvous a r e  d ic ta ted  by crew procedure t imelines and MSFN t racking 
considerations.  After the  lunar o r b i t  inser t ion ,  t h ree  o r b i t s  a r e  
required f o r  t he  crew t o  ac t iva t e  and checkout t h e  LM. After rendez- 
vous, two o r b i t s  a r e  required to prepare f o r  t r ansea r th  in j ec t ion  and 
t o  allow f o r  s u f f i c i e n t  tracking f o r  o r b i t  determination by t h e  MSFN. 

A t  t h i s  point ,  the  sequent ia l  descr ipt ion of  the  mission planning 
considerations and cons t ra in ts  by mission phase will be in te r rupted .  
The t r a j e c t o r y  shaping parameters have been described i n  s u f f i c i e n t  
d e t a i l  t o  show the  e f f e c t  on launch opportuni t ies .  
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TOTAL LAUNCH WINDOW CONSIDERATIONS 

There are  a t  l e a s t  s i x  major considerations t h a t  i n  one way o r  
ancther l i m i t  t he  times a t  which the  Apollo lunar  landing mission can 
be launched. 
t e r i s t i c s  of t h e  moon's o r b i t  about t he  ear th ,  operat ional  requirements, 
o r  spacecraft  performance capabi l i ty .  

These constraining f a c t o r s  a r e  due t o  e i t h e r  t he  charm- 

The cons t ra in ts  a r e  l i s t e d  below i n  the  order they w i l l  be d is -  
cussed. 

1. Launch azimuth 
2. 
3 .  Lunar landing-site loca t ion  
4. Spacecraft performance 
5. Daylight launch 
6. 

Lighting conditions a t  lunar  landing 

Minimum number of launch opportuni t ies  during a month 

Launch Azimuth 

The mechanism of the  launch azimuth e f f e c t  on launch time was 
described e a r l i e r .  
spec i f ied  number of ear th  parking o r b i t s  defined t h e  required launch 
time t h a t  provided a rendezvous with the  moon antipode. 
e i t h e r  of two d i s t i n c t  launch times would provide t h i s  rendezvous was 
i l l u s t r a t e d ,  
r e s u l b d  i n  t ranslunar  i n j ec t ions  approximately over t he  At lan t ic  
Ocean, and the other  resu l ted  i n  in j ec t ions  approximately over t h e  
Pac i f i c  Ocean. 

It  was shown t h a t  a spec i f ied  launch azimuth and a 

The f a c t  t h a t  

It was a l so  pointed out  t h a t  one of these launch times 

This cha rac t e r i s t i c  of d i s c r e t e  launch azimuths def ining d i s c r e t e  
launch times can be expanded t o  show t h a t  a range of launch azimuths 
def ine a range of launch times. 
t h e  launch times f o r  each in j ec t ion  window can be r e a d i l y  determined. 
These d a i l y  windows, a s  l imi ted  only by launch azimuth, a r e  shown f o r  
t he  year 1968 i n  f igu re  24 on the  following page. 
unshaded areas represent  allowable launch times. The l e t t e r s  rrPrt and 
t tAt l  denote theoPacific and At l an t i c  i n j ec t ion  wiBdows. 
opened a t  a 72 

For a given range, such as  72 t o  108', 

I n  t h i s  figure, t h e  

Each window i s  
launch azimuth and closed a t  108 . 

The difference in launch time f o r  t h e  two windows v a r i e s  through- 
I n  some periods t h e  closing of one window i s  followed out  each month. 

immediately by the  opening of t h e  o ther  window. 
i s  as  much as 14 hours between t h e  closing of one window and the  opening 
of t he  other.  

A t  o ther  times there  
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Figure 24.- Effect  of launch azimuth cons t r a in t s  
i n  1968. 

Note a l so  t h a t  t h e  time of opening of a given window is  l a t e r  f o r  
each successive day. 
times and a t  other  times i s  almost negl ig ib le .  The r e l a t i v e l y  f l a t  
period f o r  a pa r t i cu la r  window corresponds t o  the  p a r t  of the  lunar  
month when t ranslunar  i n j ec t ion  is i n  the  moon o r b i t  plane. 
s h i f t  i n  t he  time of launch and differences i n  launch t i m e  between the  
two windows a r e  important cha rac t e r i s t i c s  t o  keep i n  mind i n  t h e  sub- 
sequent discussion. 

The r a t e  of change per day i s  q u i t e  rap id  a t  

This d a i l y  

Lighting Conditions and Lunar Landing S i t e  Location 

These two considerations are inseparable i n  t h e i r  e f f e c t s  on launch 
windows. 
conjunction with the  landing s i t e  longi tudina l  location, as w i l l  be seen 
i n  the  following discussion. 

The e f f e c t s  of l igh t ing  cons t r a in t s  can only be evaluated i n  

In  order  t o  provide the  LM crew with the  bes t  possible  v i s i b i l i t y  
conditions during landing, the  sun elevationoangle a; the  l a d i n g  s i t e  
during the  powered descent must be between 7 
horizon. 
landing poin ts  and se l ec t  a favorable one within the  LM foo tp r in t .  

and 20 above the  eas te rn  
This is  t o  allow the  crew t o  v i sua l ly  evaluate the  possible  

The magnitude of t he  allowable range i n  sun elevat ion angle has 
a major e f f e c t  on the  determination o f  launch windows. Figure 25 on 
t h e  following page i l l u s t r a t e s  the l i g h t i n g  geometry6 In t h i s  f i gu re  
t h e  sunr i se  terminator is  located approximately a t  0 longitude. For 
t h i s  condition a lunar  landing could only be accomplished i n  t h e  region 



enclosed by the  dot ted  l i n e s .  
This region of acceptable l i g h t -  
ing moves across t h e  face  of t he  
moon, following t h e  sunrise  termi- 
na tor  from eas t  t o  west a t  a r a t e  
of approximately 13 per day, so 
t h a t  the days of acceptable l i g h t -  
ing conditions as a function of 
landing s i t e  longitude can be 
r ead i ly  determined from lunar  
ephemeris data. The e f f e c t s  of 
l a t i t u d e  can be neglected i n  the  
region near  t he  lunar  equator. 
Figure 26 provides an example of 
t h i s  var ia t ion  f o r  two typ ica l  

0 

FEB 

-7"  S U N  ELEVATION 

MAR 

20" S U N  ELEVATION 

SELENOGRAPHIC 
EQUATOR 

TO SUNRISE 
TERMINATOR E A R T H  

Figure 25.- Sun l i g h t  condi t ions 
f o r  lunar  landing., months i n  the f i rs t  quarter  of 

1968. 
t h i s  f i gu re  i s  the  f a c t  t h a t  f o r  approximately 60% of the  month the re  
i s  no area  with oacceptable l i g h t i n g  conditions anywhere between the  
longitudes of 4.5 
t o  March 3, even iof the  on18 r e s t r i c t i o n  on landing s i t e  were t h a t  it 
must be between 45 E t o  45 W. 

The most  s t r i k i n g  f ea tu re  of 

E t o  4.5' W. No landing i s  possible  from February 1 2  

20" I 
WEST 45 

SELENO- 
GRAPHIC 

LONGITUDE, 0 
DEG 

EAST 45 1 

CALENDAR DAYS 

Figure 26.- Effect  of l i g h t i n g  cons t r a in t  on ava i lab le  
landing days. 

The e f fec t  of r e s t r i c t i n g  landings t o  s p e c i f i c  s i t e s  can a l so  be 
i l l u s t r a t e d  on f igure  26. 
landing s i t e  were located a t  25' E; from f i g u r e  26 it can be seen t h a t  
i n  the  months of February and March, 1968, the re  a r e  only  two days i n  
which a lunar landing could be accomplished - February 5 and March 5. 
One landing day is  ava i lab le  during each 28-day lunar  cycle.  
t o  provide multiple landing oppor tuni t ies ,  s eve ra l  s i t e s  must be ava i lab le .  

For example, suppose t h a t  t he  only ava i lab le  

I n  order  
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The number of landing opportuni t ies  i s  d i r e c t l y  r e l a t e d  t o  the  
number of launch opportuni t ies .  
f ree-return t r a j e c t o r i e s ,  t h e  re la t ionship  between landing time and 
launch time has only a s l i g h t  var ia t ion.  
times can a l so  be shown on t h i s  same f igure.  
t ed  with t h e  acceptable l i gh t ing  period i n  February 1968 a r e  presented 
in f igu re  27. 

For lunar  landing missions employing 

Therefore, a r r i v a l  ( o r  landing) 
The landing times associa- 

For s implici ty ,  o n l y  t he  P a c i f i c  i n j ec t ions  a r e  shown. 
WEST 4 5  

SELENO- 
GRAPHIC 0 

L O N G I T U D E ,  
DEG 

EAST 4 5  

\ 2 O 0  SUN 
ELEVATION 

CH DATES 

l 1 1 1 I 1 I 1 I I 1 J  

3 4 5 6 7 8 9 10 1 1  1 2 1 3 1 4  
L A N D I N G  DATE, FEB 1968  

Figure 27.- Lunar landing opportuni t ies .  

Arrival times f o r  At lan t ic  i n j ec t ions  would be sh i f t ed  by the  d i f fe rence  
i n  launch times. The launch date i s  noted f o r  each band of a r r i v a l  
times. 
about 10 hours and i s  due to  -&he va r i a t ions  i n  launch time between 
launch azimuths of 72' t o  108 , t h e  p o s s i b i l i t y  of i n j ec t ing  on the  
first o r  second in j ec t ion  opportunity, and t h e  var ia t ion  in the  trans- 
lunar  transit time f o r  d i f f e ren t  energy t r a j e c t o r i e s  avai laSle  i n  t h e  
free-return family. 
of a r r i v a l  times would be reduced t o  about 8 hours. 

The va r i a t ion  i n  a r r i v a l  times within a given launch window is  

For a 2 1/2-hour ea r th  launch window, t h i s  band 

The shaded areas  represent t h e  range of landing s i t e  longi tudes 
t h a t  have acceptable l i gh t ing  for  each of t h e  launch days. 
f o r  each launch day, the  region of ava i lab le  longikudes f o r  landing i s  
d i f f e ren t .  per day, and the re  
i s  v i r t u a l l y  no overlap. No one longitude i s  ava i lab le  f o r  more than 
one launch day when the  requirement fo r  a 2 1/2-hour launch window i s  
considered. 
l i gh t ing  requirements and landing s i t e  loca t ion  on the  launch window. 

Note t h a t  

This region moves westward a t  about 13 

This c l ea r ly  i l l u s t r a t e s  t he  constraining e f f e c t s  of 

In  order  t o  provide multiple launch opportuni t ies  during the  month, 
severa l  lunar  landing s i t e s  must be avai lable .  One addi t iona l  s i t e  i s  
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required f o r  each addi t iona l  launch opportunity. 
from t h i s  figure t h a t  t o  avoid dupl icat ion and gaps i n  t h e  launch window 
t h e  longi tudinal  spacing of these s i t e s  must be i n  increments of approxi- 
mately 8' t o  13'. 
of having 2 s i t e s  avai lable  on the  same day, o r  what would be worse, 
t he  probabi l i ty  o f  having no s i t e  ava i lab le  on one day. 

It  can a l so  be seen 

T h i s  longi tudina l  spacing minimizes t h e  probabi l i ty  

We can determine from f igu re  27, the  landing s i t e  d i s t r i b u t i o n  
required t o  provide monthly launch windows. For example, t o  guarantee 
t h a t  a launch opportunityoexists 8n consecutive days the  landing s i t e s  
must be located between 8 and 13 apar t  i n  longitude. One s i t e  provides 
one launch opportunity. To provide an alternateoday l a y c h  window 
configuration, t h e  s i t e s  must be located some 20 t o  26 apar t .  To g e t  
a launch windowoof 5-day: duration, t he  first and l a s t  s i t e  must be 
about 50' t o  60 apar t .  

Lunar Landing S i t e  Location and Spacecraft  Performance 

So far, we have only described the  l i gh t ing  e f f e c t s  on lunar  
landing s i t e  longi tudinal  locat ion and the  e f f e c t  on launch dates .  
The l a t i t u d i n a l  locat ion of t h e  landing s i t e  a l so  has an e f f e c t  on 
avai lable  launch da tes  because of i t s  e f f e c t s  on serv ice  module per- 
formance requirements. The l i gh t ing  may be acceptable,  but i f  t he  
landing s i t e  i s  outs ide the  l a t i t u d e  bounds of  spacecraf t  performance, 
then a launch opportunity s t i l l  does not ex i s t .  
which can be a t ta ined  a re  defined by SPS propel lant  ava i lab le  as  a 
function of selenographic longitude, lunar  dec l ina t ion  and l i b r a t i o n s ,  
and the  translunar i n j ec t ion  window. 

The l a t i t u d e  l i m i t s  

The accessible area f o r  a t yp ica l  day i s  i l l u s t r a t e d  i n  figure 28 
on the  following page. 
i n j ec t ion  window i s  somewhat nor th  of t h a t  ava i lab le  from the  At lan t ic  
window. These a reas  s h i f t  t o  the  south as  the  moon t r a v e l s  t o  northern 
dec l ina t ions  and v ice  versa. In  order f o r  an acceptable launch window 
t o  exist on any given day, t he  landing s i t e  must be within the  area 
defined by the l a t i t u d e  bounds and within the  longi tude region defined 
by the  l igh t ing  bounds. The l a t i t u d i n a l  s h i f t  i n  t h e  accessible  area 
boundaries i s  cyc l ic  and has a period approximately equal t o  t h e  lunar  
o r b i t  period. 

Note t h a t  t h e  area ava i lab le  from the  P a c i f i c  

If a region on the lunar  surface l i e s  i n  t h e  access ib le  area 
throughout the month, regardless  of the  d a i l y  s h i f t i n g  of these areas ,  
it i s  sa id  t o  be 100% accessible .  
s ign i f icance  i n  the se lec t ion  of lunar  areas  t o  be examined f o r  possible  
landing s i t e s .  If the  candidate s i t e s  can be loca ted  i n  a region t h a t  
is  always accessible,  then the  mission planner i s  re l ieved  of one very 

A 100% access ib le  a rea  has g rea t  
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Figure 28.- Accessible lunar  landing area f o r  
Feb. 18, 1968. 

troublesome cons t ra in t ,  namely spacecraft  performance. 
guaranteed t h a t  no matter what the lunar  dec l ina t ion  o r  l i b r a t i o n ,  when 
t h e  l i gh t ing  i s  acceptable, t h e  landing s i t e  i s  a t ta inable .  

It can be 

The area  ava i lab le  every day of t he  month presents  a pessimist ic  
p ic ture ,  i n  t h a t  it does not  consider t h e  f a c t  t h a t  only about 8 days 
a r e  r e a l l y  usable because of the l i g h t i n g  cons t ra in t .  
p i c tu re  of t h e  area ava i lab le  f o r  a month, would be obtained i f  the  
l a t i t u d e  limits were defined fo r  t he  longi tudina l  regions on the  days 
when the  l i g h t i n g  was acceptable in those regions.  That is6 s e l e c t  
only those days when $he sun elzvation i s  between 7' and 20 f o r  t h e  
longitudes between 45 E and 45 W; and furthermore on any one of these  
days define the  l a t i t u d e  limits only f o r  t he  longitude region which had 
acceptable l i gh t ing .  
1968 under these  conditions i s  i l l u s t r a t e d  in figure 29. The ava i lab le  

A more r e a l i s t i c  

The area avai lable  during the  month of  February 
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Figure 29.- Accessible lunar landing area i n  Feb. 1968 when 
the  l i gh t ing  conditions a r e  cor rec t .  



area  defined i n  f i g u r e  29 cannot be extrapolated from month t o  month 
because the l i g h t i n g  cycle and the  decl inat ion and l i b r a t i o n  cycles do 
not  have the same period. 
f o r  every month of i n t e r e s t .  

Therefore, one of these  f i g u r e s  must be made 

The accessible a reas  f o r  each month during a year can be combined 
t o  def ine  an a rea  ava i lab le  f o r  t h e  e n t i r e  year. 
i n  f i g u r e  30. 

This i s  i l l u s t r a t e d  

PACIFIC 
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Figure 30. - 100% l una r  surf ace a c c e s s i b i l i t y  
f o r  1968. 

The purpose of a l l  of t h i s  discussion of performance l i m i t a t i o n s  
has been t o  show t h a t  t he  landing s i t e  locat ion has a major e f f e c t  on 
launch opportunities;  no t  only through l i g h t i n g  conditions and longi- 
tude in t e rac t ions  but  a l so  through l a t i t u d e  and performance in t e rac t ions .  
This t o t a l  in te rac t ion  can be summarized as follows: given a landing 
s i t e  locat ion,  a launch i s  possible  only on the  day t h a t  t he  l i g h t i n g  
i s  acceptable and then only i f  t he  landing s i t e  i s  within t h e  l a t i t u d e  
bounds a t t a inab le  f o r  t h a t  longitude on t h a t  day. 

If lunar landing s i t e s  could be se l ec t ed  e n t i r e l y  on t h e  basis of  
performance and l i g h t i n g  cons t r a in t s ,  they could be located so t h a t  
t he re  would be no r e s t r i c t i o n s  on launch windows. Unfortunately, t he re  
a r e  many fac tors  t h a t  must be considered i n  t h e  se l ec t ion  of lunar  
landing s i t e s .  
t he  resu l t  being t h a t  launch windows a r e  i n  f a c t  constrained by t h e  
ava i lab le  lunar landing s i t e s .  

These o ther  f a c t o r s  fo rce  compromises t o  be made, with 
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Daylight Launches and Minimum Number of 
Launch Opportunities During a Month 

I ' I  
SUNRISE .I 
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I 1 4: 

We have seen t h a t  lunar  landing s i t e s ,  l i gh t ing  requirements, and 
spacecraf t  performance a re  a l l  very e f f ec t ive  i n  constraining the  launch 
opportuni t ies .  J u s t  how constraining w i l l  be i l l u s t r a t e d  shor t ly .  In  
order t o  i l l u s t r a t e  the  l imi ta t ions  on launch opportuni t ies ,  it w i l l  
be necessary t o  assume ce r t a in  lunar landing s i t e s .  For the  purposes of 
t h i s  i l l u s t r a t i o n ,  we will assume t h a t  t h e  sites t o  be photographed on 
the  lunar  Orbi ter  A and B miss ions  a r e  found t o  be acceptable f o r  Apollo 
landings. 

F i r s t ,  l e t ' s  consider t he  seven s i t e s  t o  be photographed by Orbi te r  

The i n t e r e s t i n g  f ea tu res  of t h i s  f i g -  
A. 
1968 a re  summarized i n  f igu re  31. 
ure a r e  the  pa t te rn  and frequency of launch opportuni t ies  and t h e  f r e -  

The launch opportuni t ies  provided by these seven s i tes  throughout 

quency of n ight  launches. 
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Figure 31.- Apollo launch opportuni t ies  i n  1968. 

During some o f  t h e  months, many launch opportuni t ies  a r e  not  shown 
f o r  t h e  Pac i f i c  i n j ec t ion  window. 
s i t e s  were outs ide of t he  performance boundaries and were not  ava i lab le  
when the  l i gh t ing  was acceptable. 
a f fec ted  by t h i s  performance l imi ta t ion  because the  western s i g h t s  t o  
be photographed by Orbi ter  A a r e  general ly  south of t h e  equator, away 
from the  bes t  performance region o f  the  Pac i f i c  windows. 
p a r t  of the  year,  t he  moon's decl inat ion and l i gh t ing  a r e  i n  a favorable  
phase, and t h e  southern s i t e s  are w e l l  within t h e  performance capab i l i t y  
of the  Pac i f ic  in jec t ion .  However, i n  t he  l a t t e r  p a r t  of t h e  year,  t he  
moon i s  a t  a northern decl inat ion when t h e  l i gh t ing  i s  acceptable and 
t h e  southern s i t e s  a re  outs ide of t h e  accessible  area.  

This is  because some o r  a l l  of t h e  

The Pac i f i c  i n j ec t ions  are p a r t i c u l a r l y  

In  the  e a r l y  
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Since the bes t  performance region f o r  t h e  At lan t ic  i n j ec t ion  window 
i s  south of t h a t  f o r  the Pac i f i c ,  t he  l i gh t ing  and l i b r a t i o n  combination 
i s  favorable f o r  t h i s  window i n  the  l a t t e r  p a r t  of t he  year. The r e s u l t  
i s  t h a t  f o r  those months when the  Pac i f i c  i n j ec t ions  a r e  unavailable,  t he  
At lan t ic  b j e c t i o n s  a r e  avai lable .  So launch windows e x i s t  a l l  year.  

I i' - 
I I 

L I' I" - 

The e f f ec t  of constraining the  mission t o  be launched only i n  day- 
l i g h t  can also be determined from figure 31. Although t h i s  i s  not  con- 
s idered t o  be a firm cons t ra in t  f o r  a l l  lunar missions, i t  i s  highly 
desirable ,  and every e f f o r t  w i l l  be made t o  have a dayl ight  launch - a t  
l e a s t  f o r  the first one. 

8 
4 -  

From f igure  31, i t  can be seen t h a t  t o  l i m i t  t he  launch t o  dayl ight  
hours eliminates t h e  At lan t ic  i n j ec t ion  window f o r  t h e  e n t i r e  year. 
addition, several  of t he  launches using the  Pac i f i c  i n j ec t ion  window 
occur a t  night  during the  winter months and would a l so  be l o s t .  

In  

The ne t  r e s u l t  o f  the  combination of performance l imi t a t ions  and 
a dayl ight  launch cons t ra in t  would be v i r t u a l  elimination of a l l  launch 
windows i n  t h e  l a s t  quarter  of 1968. 

I 

The e f f ec t  of a minimum launch window duration cons t ra in t  i s  demon- 
This f igu re  shows the  remaining launch opportuni- s t r a t e d  i n  f igure  32. 

t i e s  i f  only those launch windows of 5-days durat ion were considered. 

20 
16 
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2 4  r 
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Figure 32.- Apollo launch opportuni t ies  i n  1968 t h a t  
provide a 1-3-5 day launch window. 

It i s  c l e a r  t ha t  t h e  launch opportuni t ies  afforded by the  seven s i t e s  
used in t h i s  analysis  a r e  e n t i r e l y  s a t i s f a c t o r y  during the  f irst  ha l f  
of 1968. The s i t u a t i o n  r ap id ly  changes from marginal t o  unsa t i s fac tory  
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during t h e  t h i r d  quarter  and remains t h a t  way f o r  t h e  rest of t h e  year 
because n igh t  launches would be required. Daylight windows of 5-day 
durat ion a r e  ava i lab le  i n  March, April ,  May, and e a r l y  June. However, 
beginning i n  l a t e  June and continuing throughout t h e  rest of year,  a 
n ight  launch would be required. 

I 

ll 

To improve t h e  daylight launch capabi l i ty ,  t he  s i t e s  t o  be photo- 
graphed on the  Orbi ter  B mission were located north of  t he  A s i t e s .  
This provided s i t e s  i n  an area more favorable from the Pac i f i c  i n j e c t i o n  
window. The r e su l t i ng  5-day launch windows a r e  summarized i n  figure 33. 
It can be seen from t h i s  f i gu re  t h a t  %day windows with a dayl ight  
launch could be obtained throughout t h e  year if  the  Orbi ter  B sites were 
avai lable .  

i i 
20  

I '  11; 

DEC OCT NOV JULY AUG SEPT 

Figure 33.- Apollo launch opportuni t ies  i n  1968 
t h a t  provide a 1-3-5 day launch window 

f o r  Orbi ter  B sites. 



Figures 34 through 110 a re  sitnilar 1,o fif:ures 211 and 27 through 32, 
r e s w c t i v e l y ,  except t h a t  they present information for 196c) instead of 
1968. 
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Figure 3b.- E f f e c t  of launch azimuth 
cons t r a in t s  i n  1969. 

1 1 ~ 1 1 1 1 1 1 1 1  

2 1  22  2 3 2 4 2 5 2 6 2 7 2 8  I 2 3 
LANDING DATE, FEE-MAR 1969 

Figure 35 ,  - Lunar landing opportunities.  
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Figure 36.- Accessible lunar  landing 
area for Feb. 18, 1969. 
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Figure 37.- Accessible lunar landing area 
i n  Feb. 1969 when the l i gh t ing  

conditions a re  cor rec t .  
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Figure 38.- 10% lunar surface a c c e s s i b i l i t y  
f o r  1969. 
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Figure 39.- Apollo launch opportuni t ies  i n  1369 
for Orbiter A sites. 
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Figure 40.- Apollo launch opportuni t ies  i n  1969 
t h a t  provide a 1-53 day launch window 
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SECOND SESSION : TRANSEARTH INJECTION 

THROUGH REENTRY 

INTRODUCTION 

In  t h i s  sect ion we will f i n i s h  o f f  t h e  mission planning considera- 
t i ons  and the a f f e c t s  of cons t ra in ts  on t r a j e c t o r y  shaping of t h e  nomi- 
n a l  mission. A l l  we have t o  discuss  on t h i s  t op ic  a r e  the  problems of 
ge t t i ng  t h e  spacecraf t  back from the moon through the  r een t ry  cor r idor  
t o  t h e  recovery area.  This sect ion i s  divided i n t o  two phases, t rans-  
ea r th  and reentry.  

TRANSEARTH 

The geometric r e s t r i c t i o n s  on t ransear th  in j ec t ion  a r e  somewhat 
s imi la r  t o  those o f  t he  t rans lunar  i n j ec t ion .  However, proper allow- 
ances must be made f o r  the  f a c t  t h a t  t he  spacecraf t  t r a j e c t o r y  r e l a t i v e  
t o  the  moon i s  hyperbolic ins tead  of e l l i p t i c  and t h e  moon i s  o rb i t i ng  
about the  ear th .  In  the  t r ansea r th  case the  t a r g e t  body i s  r e l a t i v e l y  
s t a t iona ry  and the spacecraf t  i s  leaving the  body which i s  i n  o r b i t .  
The spacecraft  must break out  of t he  lunar  g rav i t a t iona l  sphere and 
f a l l  back t o  ear th .  
in order t o  escape, but t he  spacecraf t  i n e r t i a l  ve loc i ty  must be decreased 
i n  order t o  re turn  t o  ear th .  

The ve loc i ty  r e l a t i v e  t o  t h e  moon must be increased 

Relative v e l o c i t i e s  a re  i l l u s t r a t e d  i n  figure 4.1. on the  following 
page. A t  a dis tance from the  ea r th  equal t o  the  d is tance  t o  t h e  moon's 
sphere of influence,  the  ea r th  r e l a t i v e  ve loc i ty  vector  required t o  ob- 
t a i n  a given perigee a l t i t u d e  i s  i l l u s t r a t e d  by t h e  vector  Vre. 

t h i s  f i gu re  two cases a r e  shown; a high energy short-time t r a j e c t o r y  , 

and a low energy long t ransi t - t ime t r a j ec to ry .  There i s  a continuum 
of safe  re turn t r a j e c t o r i e s  between t h e  two extremes. 
ve loc i ty  i s  shown as  the  vector  Vm. 

vector  r e l a t i v e  t o  t he  moon Vrm t h a t  r e s u l t s  i n  a ve loc i ty  r e l a t i v e  t o  

t h e  ea r th  V . 
r e  

t h e  ve loc i ty  r e l a t i v e  t o  the  ea r th  is  a minimum o r  a t  apogee of t h e  
earth-return t r a j ec to ry .  

I n  

The moon's o r b i t a l  
The spacecraf t  must obtain a ve loc i ty  

The minimum ve loc i ty  r e l a t i v e  t o  t h e  moon occurs when 

This i s  no t  necessar i ly  the  longest  f l i g h t  
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time because t h e  spacecraf t  could leave t h e  moon on such a t r a j e c t o r y  
t h a t  has a post ive f l ight-path angle r e l a t i v e  t o  the  ear th .  
type of t r a j e c t o r y  i s  of no i n t e r e s t ,  however, because t h e  increase  
of  t ransear th  f l i g h t  time does not allow a decrease i n  t h e  in j ec t ion  
ve loc i ty  requirements. The conclusions t h a t  can be drawn from t h i s  
f i gu re  a r e  t h a t  f a s t e r  re turn times requi re  l a r g e r  e x i t  v e l o c i t i e s  and 
hence l a r g e r  t ransear th  in jec t ion  ve loc i t i e s .  
t he  lower in j ec t ion  ve loc i t i e s  require  a more near ly  re t rograde motion 
upon leaving t h e  moon's sphere of inf luence,  

This 

I t  can a l so  be seen t h a t  

Figure 42 i l l u s t r a t e s  t he  t ra -  VRM VRE 
j ec to ry  geometry in s ide  t h e  moon's 
sphere of inf luence r e l a t i v e  t o  the 
e x i t  conditions.  In  t h i s  f i gu re  
the  moon's sphere of influence i s  
approximated by the  la rge  diameter 
c i r c l e .  The ve loc i ty  of t he  moon 
r e l a t i v e  t o  t h e  ea r th  i s  given by 
the  vector Vm. 

influence moves with the  moon any 
point  on t h i s  sphere would a l so  
have the  ve loc i ty  r e l a t i v e  to  the 
ea r th  of Vm. 

side t h i s  sphere a r e  hyperbolic 
r e l a t i v e  t o  the  moon and the  energy 
of these t r a j e c t o r i e s  determines t h e  

Since the  sphere of 

The t r a j e c t o r i e s  in- 

\ 

t 
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Figure 42.- Lunar sphere exit hy- 
perbolas t h a t  re turn  t o  ear th .  
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Figure 41.- Effect  of 
lunar  sphere e x i t  ve- 
l o c i t y  on re turn  t r a -  
j ec to r i e s  . 

magnitude of t he  exit ve loc i ty  Vrm. 

The d i rec t ion  of t h i s  e x i t  ve loc i ty  
i s  pr imari ly  control led by the  exit  
posi t ion which i n  turn i s  determined 
by the  longitude a t  which the  in-  
j ec t ion  is  performed. 
more retrograde d i r ec t ion  of t h e  
e x i t  veloci ty ,  t he  in j ec t ion  must 
occur around on the  leading edge of 
t he  moon a s  i l l u s t r a t e d  by the  upper 
t r a j e c t o r y  i n  figure 42. To obtain 
a high energy, sho r t  time, ea r th  
r e tu rn  t r a j e c t o r y  t h e  injectlion ma- 
neuver must be performed on t h e  
t r a i l i n g  edge of t h e  moon. 

To obtain a 

This 
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r e s u l t s  i n  ex i t  ve loc i t i e s  d i rec ted  more toward the  ear th .  

It can be seen t h a t  once a desired t ransear th  f l i g h t  t i m e  has been 
se lec ted  the  e x i t  ve loc i ty  requirement can be determined, and i n  turn,  
these e x i t  ve loc i ty  recpirements w i l l  specify the  loca t ion  and energy 
o f  t he  t ransear th  in j ec t ion  maneuver. 
shows the  region of longitudes where the  t ransgar th  in j ec t ion  maneuver 
could be performed. 
140° E longitude on t h e  f a r  s ide  of the  moon. 

The shaded area i n  f igu re  43 

W longitude t o  about It  extends from about l4O 

LONG TRANSIT TIMES n 
REGION OF \ 
INJECTION 
POSITIONS 

SHORT TRANSIT TIMES / \  

Figure 43.- Effec t  of  t ransear th  f l i g h t  
time on in j ec t ion  posi t ion.  

The e f f ec t  of the  t ransear th  t r a n s i t  time on the  in j ec t ion  ve loc i ty  
requirements can be obtained from f igu re  & o n  the  following page, i n  
which the  t ransear th  in j ec t ion  AV i s  shown as  a funct ion of t r a n s i t  time 
f o r  two d i f f e ren t  moon posi t ions i n  i t s  o r b i t .  
decreasing in jec t ion  ve loc i ty  requirements with increasing t r a n s i t  time 
i s  c l e a r l y  i l l u s t r a t e d .  The f a c t  t h a t  these curves cross  over i nd ica t e s  
t h a t  there  are  other  f ac to r s  a t  work i n  determining the  ac tua l  i n j ec t ion  
ve loc i ty  required. However, these other  f a c t o r s  do not  change t h e  basic 
conclusions. 

The t rend of genera l ly  

Now, l e t ' s  consider how the  required t r ansea r th  f l i g h t  time i s  
determined. Figure 45 on the  following page i l l u s t r a t e s  t he  t r ansea r th  
t r a j e c t o r y  drawn i n  the moon o r b i t  plane. The r e tu rn  perigee. loca t ion  
i s  shown r e l a t i v e  t o  the moon's antipode. In t h i s  case the  moon's 
antipode i s  drawn a t  the  time of t he  t ransear th  in j ec t ion .  This re la -  
t i v e  angle between the  re turn  perigee and the  antipode has very l i t t l e  
var ia t ion  w i t h  t he  re turn  t r a n s i t  time. Therefore, t he  approximate 
i n e r t i a l  posi t ion of the r e tu rn  perigee i s  a funct ion only of the  moon's 
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posi t ion.  
very l i t t l e  var ia t ion  so t h a t  i n  e f f e c t  the  i n e r t i a l  pos i t ion  of  t h e  
landing i s  known well i n  advance of  the  ac tua l  t ransear th  in j ec t ion .  

The landing loca t ion  r e l a t i v e  t o  the  re turn  perigee a l so  has 

ALLOWED V A R I A T I O N  
CESSARY T O  GUARANTEE 

3000 RETURN TO PRIMARY 
RECOVERY AREA 

A V  
TRANSEARTH 

INJECTION 
FT/SEC 

1800 

1600 
70  0 0  90 100 110 110 

TRANSIT TIME, HRS 

Figure 44.- Effect of t ransear th  f l i g h t  t i m e  
on in j ec t ion  ve loc i ty  requirements. 

Figure 45.- Transearth t r a j e c t o r y  perigee 
loca t ion .  



The recovery forces,  of course, a r e  f ixed  t o  the  ea r th  and hence 
This leads t o  the  r a the r  i n t e r e s t -  a r e  ro t a t ing  around w i t h  the  ear th .  

ing s i tua t ion  i n  which the  i n e r t i a l  locat ion of t he  landing pos i t ion  
i s  w e l l  hown.  
i s  highly dependent on the  time a t  which landing o c c ~ n s .  
t i on  of  t he  t ransear th  t r a n s i t  time i s  based on the  loca t ion  of t h e  re- 
covery forces.  
recovery forces  a r e  i n  the  proper posi t ion.  
hours, and within any &-hour range of re turn  transit times, one time 
can be found which allows rendezvous with the  recovery forces .  

However, t he  i n e r t i a l  pos i t ion  o f  the  recovery forces  
The determina- 

That is, the r een t ry  and landing must occur when the  
T h i s  occurs once every 24 

. 4  .O 
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For the lunar  mission t h e  en t ry  corr idor  i s  defined by the  var ia-  
t i on  i n  f l ight-path angle a t  the  en t ry  in t e r f ace  a l t i t u d e  of 400 000 f t .  
S t r i c t l y  speaking, t h i s  allowable var ia t ion  i s  a function of t h e  ve loc i ty  
a t  entry,  but t he re  i s  such a small va r i a t ion  f o r  a nominal lunar  mission 
t h a t  the  ve loc i ty  e f f e c t  i s  genera l ly  omitted. 
tu rns  t o  ear th ,  t h i s  i s  not  t he  case, and the  en t ry  corr idor  i s  defined 
as  a function of en t ry  veloci ty .  

However, f o r  abort  re-  

The maximum ent ry  angle i s  defined by t h e  maximum allowable aero- 
dynamic deceleration. 
rap id ly  wi th  increasingly negative f l igh t -pa th  angles. The high-g s i d e  
of t he  corr idor  i s  cal led the  undershoot boundary. 
angle, cal led the  overshoot boundary, i s  defined by the  CM's capab i l i t y  
t o  prevent an uncontrolled skipout of t he  atmosphere. 
being a function of entry veloci ty ,  these corr idor  boundaries a r e  
s t rongly dependent of the L/D r a t i o  of t he  en t ry  vehicle .  

Aerodynamic loads encountered during en t ry  increase 

The minimum en t ry  

In  addi t ion t o  
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Figure 46.- Entry corr idor  
&try speed = 36 000 fps .  

Figure 46 shows the  en t ry  corr idor  f o r  t he  nominal L/D of 0.34 of 

. 



the  CM, 
t i o n  of range from the  en t ry  point t o  the  landing point  i n  order t o  
combine t h e  corr idor  and maneuvering capab i l i t y  information. 
ogt  l i m i t  is  shown here t o  be a f l ight-path angle s l i g h t l y  less than 
5 . In  o ther  words, any en t ry  conditions a t  l e s s e r  angles than t h i s  
would result i n  an ungontrolled skip. 
shown t o  be about 7.3 , and any f l ight-path angle s teeper  than t h i s  would 
result i n  loads exceeding 10 g. 
limit below which the  aerodynamic load f a c t o r  would exceed 20 g, which 
represents  t he  s t r u c t u r a l  design l i m i t  of t h e  spacecraf t .  

I n  t h i s  f igure ,  en t ry  f l ight-path angle i s  p lo t t ed  a s  a func- 

The skip- 

The 10-g undershoot l i m i t  i s  

The emergency limit is defined a s  a 

The minimum guided range represents  the  l i m i t  t o  which the  r een t ry  
range can be control led with a guidance system. 
boundary t h i s  corresponds t o  about 1500 n. m i .  
l imi ted  by the  l i f t i n g  capab i l i t y  of  t h e  vehicle.  
angles the  spacecraf t  could not  f l y  f u r t h e r  than t h i s  range with maximum 
pos i t ive  l i f t .  
t o  comply with the  l imi t a t ions  imposed by the  heat sh ie ld .  
sh i e ld  i s  designed t o  t o l e r a t e  a 3500-n. m i .  reentry.  
monitoring system onboard the  spacecraf t  which gives  warning when ex- 
cessive skip i s  t o  be encountered. 
en t ry  monitoring system i s  about 1000 n. mi. 
it w i l l  not  unnecessarily take over a t r a j e c t o r y  o r  give warning t h a t  
an excessive sk ip  i s  going t o  occur. 
tolerance the  mission can not  be planned with r een t ry  ranges exceeding 
2500 n. m i .  
would be independent of t he  en t ry  corr idor  posi t ion i s  given by t h e  
1500-n. mi.  l i m i t  and the  2500-n. m i .  limit so t h a t  f 500 n. m i .  of  
down-range maneuver capabi l i ty  i s  avai lable .  The nominal aim point  
represents  t he  conditions t h a t  w i l l  be targeted t o  f o r  t h e  t ransear th  
t r a j ec to ry .  That is, the  r e tu rn  grajectory w i l l  be planned t o  have a 
f l ight-path angle a t  en t ry  of 6.2 and t o  have the  en t ry  point  located 
some 2000 n. m i .  away from the  landing point.  
maneuvering capab i l i t y  and allows maximum tolerance of dispers ions both 
i n  f l ight-path angle and i n  range a t  entry.  The primary purpose of t h e  
maneuvering capab i l i t y  i s  t o  allow a change i n  t h e  landing s i t e  a f t e r  
t he  t ransear th  in j ec t ion  has been performed. If bad weather were t o  
develop i n  t h e  area of t he  recovery forces  such t h a t  a landing the re  
was undesirable,  the  spacecraf t  would have the  capab i l i t y  of  going 
500 n. m i .  t o  e i t h e r  s ide  of t h i s  posi t ion.  
page shows the  t o t a l  maneuver footpr in t ,  both t h e  downrange and cross- 
range p lo t t ed  on a map of t he  Pac i f ic  Ocean hemisphere. 
point  i s  some 2000 n. m i .  away from t h e  nominal touchdown posi t ion.  
The crossrange capab i l i t y  i s  about 44.0 n. m i .  a t  t he  base and some 660 
n. mi.  a t  t h e  toe  of t h i s  foo tpr in t .  

For the  overshoot 
The maximum range i s  

A t  t he  s teeper  entry 

The maximum range i s  a r b i t r a r i l y  cut of f  a t  2500 n. m i .  
The heat  

There i s  an en t ry  

However, t he  tolerance on t h i s  
This i s  made l a rge  so t h a t  

To allow f o r  t h i s  1000-n. m i .  

The inplane maneuvering capab i l i t y  t h a t  can be used which 

This gives  maximum 

Figure47  on t h e  following 

The r een t ry  
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Figure 47.- Operational r een t ry  maneuver capabi l i ty .  

\ 

Figure 48 .- In-plane t r a j e c t o r y  geometry. 

\ 
\ 

Now examine the considerations Fnvolved i n  loca t ing  the  recovery 
areas.  
n i f i c a n t  points of the  r een t ry  t r a j ec to ry .  
shown between the  en t ry  point ,  t he  perigee of t h e  r e tu rn  t r a j e c t o r y  and 
the  landing point have only a s l i g h t  var ia t ion .  

Figure 48 shows the  inplane geometry of t he  loca t ion  of s ig-  
The angular r e l a t i o n s  

The loca t ion  o f  t h e  
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return perigee r e l a t i v e  t o  t h e  antipode a l so  has only a s l i g h t  var ia t ion .  
The result i s  t h a t  t he  landing point on the  e a r t h ' s  surface will be 
very near t h e  moon's antipode. 
will pass through t h i s  antipode regardless  of the re turn  inc l ina t ion .  
Because of t h e  r e l a t i v e l y  small  angle between the antipode and t h e  
landing posi t ion,  very l i t t l e  l a t i t u d i n a l  control  of t he  landing can 
be obtained by varying the  i n c l h a t i o n  of the  ea r th  return t r a j ec to ry .  
This i s  i l l u s t r a t e d  i n  f igu re  49, I n  t h i s  f igure ,  two typ ica l  ea r th  
return t r a j e c t o r i e s  a r e  shown. 
by performing plane changes o r  performing an azimuth change a t  t he  t rans-  
ea r th  in j ec t ion  maneuver. 
c l i na t ion  for  t h e  two t r a j e c t o r i e s .  
e f f e c t  a node through which a l l  o f  these re turn  t r a j e c t o r i e s  pass and 
s ince  the  landing i s  f a i r l y  close t o  t h i s  node, it can be seen i n  
figure49 t h a t  only a very small amount of l a t i t u d e  va r i a t ion  can be 
obtained. 
f a c t  t h a t  t h e  r e tu rn  inc l ina t ion  i s  l imi ted  t o  40 
t h e  ea r th ' s  equator. 
then can be summarized as  one i n  which very f i n e  cont ro l  is ava i lab le  
f o r  t he  landing l a t i t u d e .  The longitude can be control led exac t ly  by 
merely varying the  t r a n s i t  time o f  t he  t ransear th  t r a j ec to ry .  However, 

All of  t h e  ea r th  r e tu rn  t r a j e c t o r i e s  

These two inc l ina t ions  would be obtained 

T h i s  plan results i n  a d i f f e r e n t  r e tu rn  in- 
However, s ince t h e  antipode i s  i n  

The amount of l a t i t u d e  cont ro l  i s  furtker r e s t r i c t e d  by the  
o r  l e s s  r e l a t i v e  t o  

The landing pos i t ion  control  t h a t  i s  ava i lab le  

I Y I 

REENTRY POINTS --. 
OF LOCUS POSSIBLE ' \ , ~ ~ ~ ~  

LOCUS OF 
LANDING 

-- 
ANTIPODE 

POSSIBLE 
POINTS 

Figure 49.- ETfec tof  plane change on changing 
the  landing point.  



t he  l a t i t u d e  w i l l  be a function of t he  moon's decl inat ion a t  t he  time 
of  the  t ransear th  in jec t ion  maneuver, and only small va r i a t ions  about 
t h i s  l a t i t u d e  a re  avai lable  by changing the  r e tu rn  t r a j e c t o r y  inc l ina-  
t i on .  These landing point cont ro l  cha rac t e r i s t i c s  have l ed  t o  the  
de f in i t i on  o f  the  recovery zones snown i n  f igu re  50. 

GEODETIC 
LATITUDE. 

DEG 

I I I I 1 I 1 I 
90 100 110 140 160 C I 8 O W  160 140 120 100 

LONGITUDE. DCG 

Figure 50.- Nominal recovery areas  f o r  mission 
planning. 

There are  two zones i n  which recovery from the  lunar  landing 
mission may occur. 
t o  35' S alongoa longitude o f  apgroximately 160 W. 
extoends from 5 
167 W. 
staged fromHawaii. 
would be Pago Pago i n  the  Samoa Is lands.  
i n to  the south l a t i t u d e  because of t he  preference t o  s tage  the  recovery 
forces  from t h e  Hawaiian base. 
r e f l e c t s  the landing area control  capab i l i t y  of t h e  r e tu rn  t r a j ec to ry .  
The zones need not  extend over a l a rge  range of longitudes because the  
longitude can be control led prec ise ly  by the  va r i a t ion  i n  re turn  time. 
They do extend over a wide range i n  l a t i t u d e s  s ince  very l i t t l e  l a t i t u d e  
control  of the landing point i s  avai lable .  
recovery areas i s  a function of t h e  maximum northern and southern 
decl inat ions o f  t he  moon during any given month. 

The northern zone extends fgom a l a t i t u d e  o f  35' N 
The southern zone 

S along a longitude of approximately S l a t i t u d e  t o  35 
The northern zone would be supported by recovery forces  

The s taging base f o r  t he  southern recovery zone 
The northern zone extends 

The shape of these  recovery zones 

The l a t i t u d e  range of these  
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For any s p e c i f i c  mission, of course, it will not  be necessary t o  
deploy forces  t o  cover the  e n t i r e  recovery zones. The l a t i t u d e  of t he  
antipode, o r  t h e  moon's declination, w i l l  be confined t o  a narrow region 
of l a t i t u d e s  so t h a t  t he  recovery forces  f o r  any s p e c i f i c  mission w i l l  
be confined t o  a narrow region i n  one of these recovery zones. 


